Plant cells have specific microtubule structures involved in cell division and elongation. The tonneau1 (ton1) mutant of Arabidopsis thaliana displays drastic defects in morphogenesis, positioning of division planes, and cellular organization. These are primarily caused by dysfunction of the cortical cytoskeleton and absence of the preprophase band of microtubules. Characterization of the ton1 insertional mutant reveals complex chromosomal rearrangements leading to simultaneous disruption of two highly similar genes in tandem, TON1a and TON1b. TON1 proteins are conserved in land plants and share sequence motifs with human centrosomal proteins. The TON1 protein associates with soluble and microsomal fractions of Arabidopsis cells, and a green fluorescent protein-TON1 fusion labels cortical cytoskeletal structures, including the preprophase band and the interphase cortical array. A yeast two-hybrid screen identified Arabidopsis centrin as a potential TON1 partner. This interaction was confirmed both in vitro and in plant cells. The similarity of TON1 with centrosomal proteins and its interaction with centrin, another key component of microtubule organizing centers, suggests that functions involved in the organization of microtubule arrays by the centrosome were conserved across the evolutionary divergence between plants and animals.
INTRODUCTION
Because the cell wall constrains cell division, limits cell elongation, and prevents cell migration, land plants have evolved specific cellular structures that are central to processes of cell division and elongation. In particular, the plant microtubule (MT) cytoskeleton assembles into several spatially independent arrays, some unique to plant cells, which form at different times during the cell cycle and cell differentiation (Wasteneys, 2002) . Unlike other eukaryotes, cells of land plants lack a conspicuous MT organizing center like a centrosome except, briefly, during formation of flagellate sperm cells of nonsiphonogamous plants (Pastuglia and Bouchez, 2007) . Consequently, organization of MTs into highly structured networks is not as tightly coupled to the nucleation process as it is in cells possessing a centrosome, where, in addition to nucleation per se, capping and anchoring activities also participate in organizing a radial MT network (Dammermann et al., 2003) . By contrast, nucleation sites of plant cells are located on the nuclear surface (Stoppin et al., 1994) or dispersed at the cell cortex (Shaw et al., 2003) in connection with extant MTs (Murata et al., 2005) . In addition to temporal and spatial positioning of nucleation sites and control of their activity, establishment and maintenance of cortical arrays likely involves other activities like anchoring, severing, treadmilling, bundling, and control of the dynamic properties of MTs through selective stabilization (Dixit and Cyr, 2004; Lloyd and Chan, 2004) . However, there is still much to learn about molecular mechanisms that control the dynamics of plant MTs, anchor them to membranes, drive the formation of cortical arrays, and link the cytoskeleton to the cell cycle and the cell wall (Van Damme et al., 2007) .
The preprophase band (PPB), a transient ring of cortical MTs specific to plant cells, precisely delineates the location of the division plane at the onset of mitosis (Mineyuki, 1999) . The PPB is a shared, derived character of land plants, not present in their charophycean green algae ancestors (Graham, 1996) . This conspicuous ring of MTs is formed in most vegetative cells of land plants with very few exceptions, like coenocytes or filamentous moss protonemata. It is also absent in meiotic divisions and subsequent generative divisions during gametogenesis. Concomitant with PPB disappearance and breakdown of the nuclear envelope, the mitotic spindle is formed in an acentriolar fashion.
At the end of mitosis, another plant-specific cytoskeletal structure, the phragmoplast, drives the formation of the new cell plate. It assembles between daughter nuclei and grows centrifugally toward the cell cortex, eventually reaching the cortical site previously marked by the PPB. Numerous studies suggest a key role of the PPB in the determination of the division plane in plant cells (Mineyuki, 1999) , but its precise role remains unclear, and the nature of the information deposited at the cell cortex, maintained during mitosis, and recognized during cytokinesis and phragmoplast growth is unknown, although several proteins potentially involved in such processes are being identified (Buschmann et al., 2006; Van Damme et al., 2006 Walker et al., 2007) .
Very few mutations specifically affect PPB formation. The TANGLED gene of maize (Zea mays) is required for spatial guidance of expanding phragmoplasts, and the tangled mutation affects the position of both PPBs and phragmoplasts in leaf epidermal maize cells (Cleary and Smith, 1998) . In the Arabidopsis thaliana microtubule organization1-1 mutant, one-half of dividing cells fail to form PPBs prior to spindle formation, and when PPBs form, some of them are aberrant (Kawamura et al., 2006) . The Arabidopsis tonneau1 (ton1) and fass/tonneau2 mutants are the only plant mutants specifically unable to form a PPB, which correlates with abnormal positioning of the cell plate in mutant cells (Traas et al., 1995; Camilleri et al., 2002) . The fass gene was previously shown to encode a phosphatase 2A regulatory subunit (Camilleri et al., 2002) . Consistent with a role of FASS in determination of the division plane at the onset of mitosis, it has been shown recently that FASS/TON2 is required for proper localization of TANGLED-yellow fluorescent protein (YFP) at the cortical division site throughout mitosis and cytokinesis (Walker et al., 2007) .
In this study, we report on the characterization of the TON1 genes and proteins. Interestingly, several lines of evidence point to an evolutionary link between the TON1 proteins, the organization of the plant cell cortical cytoskeleton, and centrosome functions in animal cells.
RESULTS

PPB Formation Is Not Required for Entry into Mitosis
The ton1 mutant was obtained by T-DNA insertional mutagenesis (Traas et al., 1995) . The shape and cellular organization of the plants are extremely modified, although general body pattern and relative positions of organs are not altered ( Figures 1A to 1H ). The ton1 mutant is indistinguishable from a fass loss-of-function allele ( Figure 1I ). We analyzed MT organization in ton1 cells using either tubulin immunolabeling or expression of a green fluorescent protein-microtubule binding domain (GFP-MBD) MT marker; both techniques gave similar results. As already noted (Traas et al., 1995) , mutant plants displayed strong alterations in the organization of cells ( Figures 2I and 2J ) and of the cortical MT interphase array ( Figures 2A to 2H ); in comparison with the wild type, the proportions of hypocotyl cells showing transverse, longitudinal, or mixed orientation of the cortical interphase array were strongly distorted in the mutant (Figures 2A and 2B , Table vitro-grown ton1, fass2, fass11, and fass12 (= ton2-12; Camilleri et al., 2002 ) mutants 10 d after germination. ton1 and fass2 are in the Wassilewskija (Ws) background, while fass11 and 12 are in the Landsberg erecta (Ler) background. Bar = 5 mm. 1). More than 58% of mutant cells exhibited an absence of preferential orientation compared with 8% in wild-type cells. The ton1 mutant was originally described as being devoid of detectable PPB or MT accumulation at the cortex in dividing cells (Traas et al., 1995) . Our analyses using either tubulin immunostaining or expression of the GFP-MBD marker confirm the complete absence of PPB formation in ton1 mutant cells for every developmental stage and organ examined. Instead, as already noted for fass mutants (McClinton and Sung, 1997; Camilleri et al., 2002) , a strong accumulation of perinuclear MTs occurs in premitotic ton1 mutant cells ( Figure 2D ) at a density never observed in wildtype cells ( Figure 2C ). Frequencies of MT patterns in root tip cells were compared between wild-type and mutant plants: the distribution of interphase, preprophase, spindle, and phragmoplast stages was highly similar between the wild type and the mutant (Table 2 ). This showed that the ton1 mutation does not notably impair the timing of cell division and that ton1 cells can overcome the absence of PPB formation and proceed into mitosis. After preprophase, typical mitotic spindles are observed in mutant cells (Figures 2E and 2F) as well as phragmoplasts during late anaphase (Figures 2G and 2H) , showing that functional TON1 proteins are not required for the formation of mitotic arrays. Altogether, these data show that TON1 proteins are essential for the organization of cortical MT arrays during interphase and preprophase. During mitosis, the absence of TON1 does not notably impair formation and function of the mitotic spindle and phragmoplast, although slight alterations in phragmoplast morphology can be observed in mutant cells (data not shown) that could be the result of altered phragmoplast guidance linked to the absence of PPB.
The TON1 Locus Contains Two Highly Similar Genes in Tandem
Genetic analysis of the T-DNA insertion line ACL4 revealed complex chromosomal rearrangements, including a reciprocal translocation and a pericentric inversion (Nacry et al., 1998) (details in Supplemental Figure 1 online). Genetic and physical mapping showed that the ton1 mutation results from disruption of a locus located at a translocation breakpoint on chromosome 3. This region contains two nearly identical genes in tandem orientation that were named TON1a and TON1b. Comparison of wild-type and mutant genomic sequences revealed a 1.4-kb deletion in ACL4, affecting both TON1 genes ( Figure 3 ). To formally establish that the ton1 phenotype is caused by simultaneous disruption of the TON1a and b genes, we performed complementation analysis of the ton1 mutant. Constructs harboring either the full TON1a+TON1b genomic region, the TON1a gene alone, or the TON1b cDNA under the control of the 35S promoter were all able to complement the mutant phenotype (see Supplemental Figure 2 online). Silencing of the P35S-TON1b construct in a ton1 mutant background led to a range of phenotypic complementation from almost mutant to wild-type (see Supplemental Figure 2 online).
RT-PCR experiments ( Figure 4 ) and analysis of available microarray data (Menges et al., 2003; Zimmermann et al., 2004 ) (see Supplemental Figure 3 online) showed that TON1a and b genes have similar constitutive expression patterns, showing little variation during development, during the cell cycle, or in response to a series of biotic and abiotic stresses.
Taken together, these data demonstrate that we have isolated the locus responsible for the ton1 phenotype and indicate that, consistent with their high sequence identity and similar expression pattern, the functions of the two TON1 genes are fully redundant.
In contrast with the loss-of-function ton1 mutant, transgenic Arabidopsis lines overexpressing either TON1a or TON1b cDNA driven by the 35S promoter did not show any growth and development defect in standard growing conditions (see Supplemental TON1a and TON1b genes encode predicted polypeptides of 29 kD and share ;85% amino acid identity. TON1 ESTs from angiosperms and gymnosperms were also identified in databases, all displaying high sequence identity to TON1a and b along their entire length. In addition, a moss Physcomitrella patens EST sequence, corresponding to the first 114 amino acids, also shows strong similarity with Arabidopsis TON1a and b (63% identity) ( Figure 5A ). Database searches also identified several partially similar proteins, originating from a variety of nongreen species from protists to vertebrates (Figures 5B) . The N-terminal region of TON1a and b is similar to the N-terminal region of two human proteins: FOP (for FGFR1 Oncogene Partner) (Popovici et al., 1999) and OFD1 (for Oral Facial Digital 1) (Ferrante et al., 2001 ) ( Figure 5A ). Interestingly, FOP and OFD1 both localize to the centrosome in human cells (Andersen et al., 2003; Romio et al., 2003; Yan et al., 2006) . Multiple alignment and motif analysis of these proteins revealed three regions of strong sequence conservation: a previously unidentified motif of 33 residues at the N terminus (TOF motif, for TON1, OFD1, and FOP); a 34-residue LisH dimerization motif (Emes and Ponting, 2001) ; and a region with a conserved PLL triad that, according to structural data (Mikolajka et al., 2006) , is expected to participate in LisH-mediated dimerization ( Figure 5A ). TON1 and FOP N termini display a similar organization, including a phosphorylation site situated next to the PLL motif (Benschop et al., 2007; Sugiyama et al., 2008 ) and a short Ser-rich region ( Figure 5C ).
TON1 is not found in sequences of green algae currently available, and the Chlamydomonas FOP protein ( Figure 5B ) is equally distant to FOP and to land plant TON1s. The occurrence of typical TON1 proteins seems therefore evolutionary correlated Figure 1C ) and by perinuclear accumulation of MTs in the mutant ( Figure 1D ). Distributions of stages are highly similar (x 2 = 1.81, P = 0.61).
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The Plant Cell with the acquisition of the PPB in embryophytes. When genomic sequences are available, the position of the first intron is strictly conserved among plant and animal TOF-containing proteins, further demonstrating a common evolutionary origin (see Supplemental Figure 4 online).
A TON1 Pool Associates with Membranes
To address the subcellular localization of TON1, we raised an antibody against full-length TON1b protein produced in Escherichia coli. In a protein gel blot of total proteins, the anti-TON1 antiserum labeled a protein band at the expected size of ;30 kD, which is undetectable in ton1 mutant extracts ( Figure 6 ). TON1 proteins were found both in the soluble and microsomal fractions from plant tissues. TON1 was released from microsomes after exposure of the pellet to basic pH ( Figure 6 ) or mild detergents (data not shown), indicating extrinsic association with membranes. These results are consistent with recent proteomics results where both TON1a and TON1b were detected in a highly purified cortical fraction (i.e., proteins associated with the cytosolic face of the plasma membrane) (Benschop et al., 2007) . In our experiments, TON1 closely follows the pattern of tubulin ( Figure 6 ), which is known to fractionate into a soluble and a membrane-associated pool. Since TON1 does not contain any potential membrane-spanning or anchoring domain, this association to membranes is likely to be indirect and mediated by TON1 partners at the cell's cortex.
TON1 Labels the PPB and the Interphase Cortical MT Array
To further assess TON1 subcellular localization, we generated GFP-TON1a fusions driven either by the 35S promoter or by the native TON1a promoter. Stable transgenic Arabidopsis lines were obtained both in a wild-type Ws and in a ton1 mutant background. Both constructs were able to partially rescue the phenotype in a mutant background, showing that the GFPTON1a fusion protein is at least partially properly localized and active (data not shown). In both backgrounds, expression of GFP fusions varied between lines and between cells in a particular line, suggesting partial instability and/or silencing of the fusion proteins. However, among lines exhibiting GFP fluorescence, P35S-and PTON1a-driven constructs weakly but consistently labeled structures at the cell cortex, in addition to a general diffuse cytoplasmic fluorescence. In the division zone of the root tip, the GFP-TON1a fusion was observed in PPB-like rings, in cells presumably corresponding to those at the preprophase stage (Figures 7A and 7B; see confocal series in Supplemental Figure 5 online). Labeling of spindle or phragmoplast was not observed, indicating that TON1a is not present on these mitotic structures. In addition to GFP-TON1a association with PPB in the division zone of the root, labeling of transverse cell ends was also frequently observed ( Figure 7A ). To confirm GFP-TON1a localization at the PPB, transformed tobacco (Nicotiana tabacum) roots expressing the GFP-TON1a fusion under the control of the 35S promoter were obtained. Two clones exhibiting GFP expression were selected and analyzed by confocal microscopy. GFP fluorescence in these two clones displayed a localization similar to the Arabidopsis lines expressing the same fusion. Both PPB ( Figure 7D ) and cross-walls ( Figure 7C ) were consistently labeled.
The GFP-TON1a marker was further studied in Arabidopsis expanding hypocotyl cells. In these interphase cells, the GFPTON1a labeling appeared as a punctate and faint staining along RT-PCR analyses were performed as described (Camilleri et al., 2002) using gene-specific primers: a 461-bp RT-PCR fragment was obtained for the TON1a transcript using the primers Spec1aF and Spec1aR, specific for the TON1a gene, and a 281-bp RT-PCR fragment was obtained for TON1b using the primers Spec1bF and Spec1bR, specific for the TON1b gene. The constitutively expressed APT1 gene (Moffatt et al., 1994 ) was used as a control (564-bp RT-PCR fragment with primers APT-RT1 and APT-RT2). WS gDNA, Ws genomic DNA; No RT, negative control (no reverse transcriptase). In the ton1 mutant, primers specific for the TON1b gene detect a fusion transcript (asterisks) between (1) the Basta resistance gene present in the T-DNA used for insertion mutagenesis and (2) 6 of 14 The Plant Cell dense linear arrays mostly organized transversally to the cell elongation axis. These arrays strongly resemble typical interphase cortical arrays of MTs in elongating cells (Figures 7E and 7F) . To confirm association of GFP-TON1a with MTs, we treated hypocotyls cells expressing GFP-TON1a with the MT depolymerizing drug oryzalin. Oryzalin at 10 mM induced fragmentation and disappearance of GFP-TON1a cortical labeling starting at 5 min after treatment, confirming dependence of TON1a localization upon MTs ( Figures 7G to 7J) . Therefore, TON1's peripheral association to the membrane ( Figure 6 ) likely reflects its recruitment to cortical MTs. The acidic nature of TON1a and b and absence of potential domain involved in MT binding suggest that other partners are required for this targeting. Altogether, fractionation experiments, published proteomics results, and our GFP labeling studies in Arabidopsis and tobacco give a consistent view of TON1's subcellular localization: TON1a and b proteins are present as both a cytoplasmic pool and a cortex-associated pool, where they are able to associate with different cortical cytoskeletal structures, the PPB and interphase MT arrays.
TON1 Interacts with Centrin, a Major Component of Eukaryotic MT Organizing Centers
To identify TON1 protein partners, the full-length TON1b protein was used as a bait in a two-hybrid interaction screen in yeast using an Arabidopsis cDNA library from young siliques (Grebe et al., 2000) . From 250 positive clones analyzed, 26 clones originated from the same gene (At3g50360), corresponding to four independent cDNAs of different sizes. At3g50360 encodes CEN1, a protein highly similar to centrins (80% similarity to Chlamydomonas centrin). Centrins are EF-hand calcium binding proteins closely related to calmodulin. They are essential components of MT organizing centers in a wide range of organisms from protists, fungi, and animals to green algae and lower plants and make contractile fibers connecting centrioles/basal bodies and other centrosomal elements (Salisbury, 1995) . We tested the ability of the other Arabidopsis centrin isoform, CEN2 (65% identical to CEN1), to interact with TON1b in yeast; no significant interaction between TON1b and CEN2 was observed ( Figure 8A) .
Next, protein-protein interaction between E. coli-produced TON1b and Arabidopsis centrins was assayed in an in vitro pulldown assay. No association could be detected in the absence of calcium or with the glutathione S-transferase (GST) alone, while TON1b interacts directly with CEN1 and CEN2 when calcium is included in the reaction ( Figure 8D ).
To test whether TON1 and centrin are able to associate in vivo in the cellular context of plant cells, we performed bimolecular fluorescence complementation (BiFC) in Nicotiana leaf epidermal cells. In this assay, putative partners are fused to inactive N-terminal and C-terminal moieties of YFP (see Supplemental Figure 6 online). Bait and prey association brings YFP fragments together and drives reassembly of an active fluorescent protein, providing a direct readout of the interaction in vivo (Hu et al., 2002) . As a control, GFP-TON1a, CEN1-GFP, and CEN2-GFP were expressed under the control of the 35S promoter. When transiently overexpressed, GFP-TON1a is present in the cytoplasm and does not label interphase MT arrays ( Figure 8B ). In these conditions, CEN1-GFP and CEN2-GFP also both accumulate in the cytoplasm and to a lesser extent in the nucleus ( Figure 8B ). Split-YFP fusions were constructed for TON1a, CEN1, and CEN2. For TON1a + CEN1, six out of eight combinations gave a positive signal (i.e., YFP fluorescence in the cytoplasm), with strong fluorescence in two cases ( Figures 8B  and 8C ). For TON1a + CEN2, YFP complementation occurred with four combinations, but the signal was weaker than for TON1a-CEN1 interaction ( Figures 8B and 8C ). Therefore, TON1a is able to physically interact with both CEN1 and CEN2 in the cytoplasm of tobacco cells. Taken together, these results show that both CEN1 and CEN2 are able to physically interact with TON1a and b, both in vitro and in vivo.
To check whether these genes have overlapping expression patterns in Arabidopsis, we compared the transcription profiles of the TON1a and b and centrin genes with the Genevestigator tool (Zimmermann et al., 2004) . TON1a, TON1b, CEN1, and FASS show similar expression patterns (see Supplemental Figure 3 online) . They are transcribed in all organs and throughout (A) The N termini of several proteins belonging to various taxonomic groups were aligned. For clarity, only one representative sequence of each taxonomic group is shown here. Similarities are boxed, identities are in dark gray, and similarities are in light gray. Three highly conserved regions appear from the alignment: the TOF motif is located at the very beginning of all protein sequences. The second is a LisH dimerization motif (Emes and Ponting, 2001) . A third region with a conserved PLL triad is presumably involved in LisH-mediated dimerization. Arrowheads indicate positions of deleterious mutations characterized in the human OFD1 gene (Romio et al., 2003) . (B) Phylogenetic tree of TON1 homologs. Multiple alignments of the ;180 N-terminal residues of each sequence were computed with Clustal, MAFFT, and Muscle algorithms (Thompson et al., 1994; Katoh et al., 2002; Edgar, 2004) and hand-curated to produce a consensus alignment. The alignment was used to produce an unrooted UPGMA tree. Bootstrap values are indicated on main branches (1000 repetitions). Four groups emerge from the N-terminal sequence alignment: land plant TON1, vertebrate FOP, vertebrate OFD, and a group of short (;175 residues) proteins related to FOP from various eucaryotes ( FOP-like Figure 4 online. (C) Comparison of TON1 and FOP reveals a similar organization at their N terminus, with conserved motifs described above, a short Ser-rich region (S), and Ser phosphorylation sites (Benschop et al., 2007) around positions 150 to 160. FOP also has a Tyr phosphorylation site at position 337 (http://www. phosphosite.org/).
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7 of 14 development. They are all highly expressed in actively dividing cells, such as cell culture and callus, and display no periodicity during the cell cycle in synchronized cells. Moreover, these genes are essentially not responsive to most biotic and abiotic stimuli. We conclude that these genes are constitutively expressed, consistent with a housekeeping role. CEN2 expression is different: it is exclusively expressed in roots and senescent leaves, not expressed in cell culture, and its expression is highly responsive to a series of biotic and abiotic treatments. Added to the documented role of CEN2 in genotoxic stress response (Molinier et al., 2004) and absence of interaction of CEN2 with TON1b in yeast, expression data suggest that CEN1 is the bona fide partner of TON1 in vivo.
DISCUSSION
The ton1 and fass/ton2 are the only viable mutations known to totally suppress formation of the PPB in plant cells. Very few other mutations, such as maize tangled (Cleary and Smith, 1998) or Arabidopsis mor1 (Kawamura et al., 2006) , are known to specifically affect this structure. Even though most cellular and developmental defects in ton1 mutants may be interpreted as more or less direct consequences of this absence of PPB and subsequent mispositioning of division planes, several lines of evidence point to an involvement of TON1a and b in all cortical arrays, not only during G2/M transition and PPB formation, but also during interphase and cell elongation: (1) the interphase MT arrays and anisotropic growth are strongly disturbed in the mutant; (2) a GFP-TON1a fusion labels the interphase array; (3) consistent with a role at the cell cortex during interphase, we detected TON1 in a membrane-associated pool in extracts from whole plants, and both TON1a and b were present in cortical extracts from cultured cells (Benschop et al., 2007) ; (4) the transcription pattern of both TON1a and b suggests a housekeeping activity, and the absence of significant cyclic transcript variation during the cell cycle does not favor a purely mitotic role. Taken together, these results point to a general role of TON1 in formation and/or maintenance of all cortical arrays of MTs. Given its biochemical features and the labeling pattern we observe, it seems unlikely that TON1 is capable of direct interaction with MTs. This targeting could be brought about by other TON1 potential interactors recovered from our two-hybrid screen, which possess large basic domains, a common feature of microtubule-associated proteins (S. Drevensek, unpublished results). The similarity of ton1 and fass/ton2 morphological, cellular, and cytoskeletal defects strongly suggest that they are part of a same pathway. FASS encodes a PP2A regulatory subunit (Camilleri et al., 2002 ) and as such is expected to be responsible for the subcellular targeting and substrate specificity of a PP2A phosphatase activity. In Caenorhabditis elegans, the FASS homolog has been recently shown to target a PP2A complex to the centrosome for mitotic spindle assembly (Schlaitz et al., 2007) . In a recent study, TON1a was shown to associate in vivo with Arabidopsis CDKA;1 (Van Leene et al., 2007) , providing an interesting link between TON1's function and the cell cycle machinery. CDK is indeed known from several studies to transiently associate with the PPB in plant cells (Weingartner et al., 2001) . In animal cells, the initial activation of cyclin B1-Cdk1 in early prophase takes place at the centrosome, before spreading into the cell for entry into mitosis (Jackman et al., 2003) .
A possible role for TON1 could be to recruit these kinase and phosphatase activities at the cortical cytoskeleton to regulate assembly/disassembly of the cortical arrays of MTs. As TON1a and TON1b are phosphorylated in Arabidopsis (Benschop et al., 2007; Sugiyama et al., 2008) , TON1 could alternatively/additionally be a target for FASS-dependent dephosphorylation. In plants, several lines of evidence implicate reversible protein phosphorylation in the regulation of the plant MT cytoskeleton, including PPB formation (Baskin et al., 1999; Ayaydin et al., 2000) .
A proteomics survey of the human interphase centrosome identified a total of 83 centrosomal proteins as well as 41 likely candidates (Andersen et al., 2003) . Apart from g-TuRC components (Pastuglia and Bouchez, 2007) and tubulins, few of these >120 proteins have clear homologs in Arabidopsis, including Top panel: Protein gel blot analysis of total proteins of ton1 and wild-type 10-d-old in vitro-grown seedlings probed against the anti-TON1 polyclonal serum and an anti-a-tubulin antibody. TON1 proteins are undetectable in the ton1 mutant extract. Bottom panel: Total proteins and proteins from soluble (S) and pellet (P) fractions obtained from adult rosette leaves were separated by electrophoresis, transferred to membrane, and probed with anti-TON1 serum, anti-a-tubulin antibody, and anti-H + -ATPase serum. Upon exposure to high pH (pH 11.5), TON1 proteins were released from the pellet fraction and solubilized, whereas resuspension of the pellet in the homogenization buffer used to make the original protein extract did not. As a control, the intrinsic membrane protein H + -ATPase is not released from membranes after exposure to high pH. Size of the proteins is as follows: TON1, 30 kD; tubulin, 50 kD; H + -ATPase, 100 kD.
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The Plant Cell CDK and centrin. Therefore, the sequence similarity between plant TON1a and b proteins and two human centrosomal proteins is noteworthy. Both FOP and OFD1 are highly conserved in the vertebrate lineage. FOP was originally identified from a human stem cell myeloproliferative syndrome (Popovici et al., 1999) and localizes to the human centrosome (Andersen et al., 2003; Yan et al., 2006) . FOP is phosphorylated in a cell cycledependent manner in human cells and retains its centrosome localization during cell division in U2OS cells , as opposed to TON1, which seems not associated with mitotic structures. Interestingly, the positions of FOP and TON1 phosphorylation sites are similar, next to the LisH/PLL dimerization region ( Figure 5 ). As for OFD1, mutations in this protein cause polycystic kidney disease and malformations of the mouth, face, and digits. This protein, rich in coiled-coil segments, is expressed in several cell types and lineages during development and also localizes to the centrosome (Andersen et al., 2003; Romio et al., 2003) . Genetic studies of human patients reveal that several deleterious mutations map to the N terminus, including mutations in the LisH motif ( Figure 5) . A further element connecting TON1a and b to centrosomes is its interaction with centrin. Numerous studies in lower and higher eukaryotes have established a key role for centrin in the dynamic behavior of centrosomes, through control of the cohesion of centrosomal structures and duplication of the centriole/basal body (Salisbury et al., 2002) . Centrin is present in the whole green lineage from algae to angiosperms. Both the expression profile and the subcellular localization of CEN1 are overlapping with those of TON1a and b: in plant cells, fractionation and localization studies consistently identified a membrane-associated centrin pool (DelVecchio et al., 1997; Blackman et al., 1999; Stoppin-Mellet et al., 1999; Harper et al., 2000) . Moreover, in recent proteomic studies, CEN1 and TON1a and b were all found associated with the cortex (Benschop et al., 2007) . By contrast, CEN2 was not detected in this study, and its transcription profile is not in favor of an interaction with TON1a or b in vivo. CEN2 has been shown to modulate homologous recombination and nucleotide excision repair in Arabidopsis (Molinier et al., 2004) and to localize to the nucleus upon UV-C treatment (Liang et al., 2006) . Therefore, on the basis of its expression and localization, CEN1 is a better candidate for interaction with TON1. TON1a and b interact with both CEN1 and CEN2 in BiFC and in vitro, but contrary to CEN1, CEN2 does not bind TON1b in yeast twohybrid experiments. This difference in yeast may reflect divergence of Arabidopsis centrins at a PKA phosphorylation site present in CEN2 but not in CEN1 ( Figure 8E ), a site known in Chlamydomonas to modulate the structure and biochemical activities of centrin (Meyn et al., 2006) . In human HeLa cells, (E) and (F) In Arabidopsis expanding hypocotyl cells of 3-d-old etiolated seedlings, GFP-TON1a accumulates as discrete punctate staining organized into dense linear arrays, reminiscent of MT organization in expanding cells. Usually, most of expanding hypocotyls cells display MT arrays roughly transverse to the cell axis similar to the GFP-TON1a staining seen in the left cell in (E) and in (F), although some cells can have more longitudinal arrays as the right cell in (E) (similar patterns are described in Paredez et al., 2006; Chan et al., 2007) .
(G) to (J) Arabidopsis hypocotyl cells expressing GFP-TON1a before (G) and after incubation in 10 mM oryzalin for 5 min (H), 15 min (I), and 70 min (J). Micrographs in (A) to (D) are confocal laser scanning microscope images, and images in (E) to (J) were obtained using a spinning disk confocal microscope. All plantlets express the GFP-TON1a fusion under the control of the 35S promoter. Bars = 20 mm in (A), (C), and (D) to (F) and 10 mm in (B) and (G) to (J). (A) Yeast two-hybrid experiments. Bait TON1b fragments and CEN1 were cloned as LexA fusions; pEGM1 and pJG4-5 are empty vector controls. Fulllength TON1b, CEN1, and CEN2 prey fragments were cloned in pJG4-5. b-Gal activity is expressed in arbitrary units. Left panels: Growth of yeast cells on nonselective medium with Leu (+Leu). Right panels: Growth of yeast clones on selective medium without Leu (ÀLeu). The LEU2 reporter in EGY48 is known to be more sensitive than the b-Gal reporter for some baits (Ausubel et al., 1998) , which may explain the low level of b-Gal for CEN1-TON1b compared with its growth on ÀLeu medium. (B) BiFC visualization of TON1a interaction with Arabidopsis centrins. Shown are confocal images of tobacco epidermal cells coinfiltrated with Agrobacterium cultures harboring expression vectors. In the typical jigsaw puzzle cells, the cytoplasm and nucleus are restricted to the cell's periphery by the large central vacuole. When transiently overexpressed under the control of the 35S promoter, CEN1-GFP localizes to the cytoplasm and the nucleus (bottom panel, middle right), and GFP-TON1 localizes to the cytoplasm (bottom panel, right). Positive control for the BiFC experiment corresponds to coexpression of YFP N -DEF and YFP C -GLO (bottom panel, left) , the documented heterodimeric complex formation between Anthirrinum majus MADS box transcription factors DEFICIENS and GLOBOSA ( Schwarz-Sommer et al., 1992) . Negative controls correspond to expression of the protein of interest (TON1 or CEN1 or 2) fused to YFP moiety alone or to coexpression of these protein fusions with unrelated proteins (i.e., DEFICIENS and GLOBOSA). Here, coexpression of YFP N -TON1 and YFP C -GLO is shown (bottom panel, middle left). Top panels correspond to examples of YFP complementation obtained after coexpression of the indicated fusion proteins. As expected in these conditions of strong overexpression, the location of TON1-centrin complexes formation is cytoplasmic. Bar = 25 mm. (C) Summary of interactions between TON1a and Arabidopsis centrins, CEN1 and CEN2, assayed by BiFC in epidermal cells of N. benthamiana. ++, strong fluorescent signal; +, significant fluorescent 6 weak signal above background; À, no significant signal. (D) In vitro pull-down assays. CEN1 and CEN2 were produced in E. coli as fusions with the GST glutathione binding domain. 35 S-TON1b was produced in vitro in a coupled transcription/translation system. Top panels: The GST fusions were bound on gluthathione-agarose, washed and incubated with 35 S-TON1b in the presence of increasing concentrations of Ca 2+ (from 0 to 10 mM), before elution and analysis by SDS-PAGE and autoradiography. GST, negative control (GST alone, 10 mM Ca 2+ ). Bottom panels: Experiment showing the supernatant (left) and pellet (right) of a 35 S-TON1b pull-down assay with GST-CEN1, GST-CEN2, and GST alone under 10 mM Ca 2+ . centrin phosphorylation occurs at the G2/M transition (Lutz et al., 2001) , a stage that overlaps with PPB occurrence in plant cells.
Centrin is an EF-hand calcium binding protein closely related to the ubiquitous calcium sensor calmodulin. Although the functional significance of TON1-centrin interaction needs to be further clarified, the calcium-dependent binding of this protein to TON1 could modulate its localization, activity, or affinity for other partners.
Vertebrate centrosomes are involved in a range of cellular events in addition to their MT organizing center activity for the formation of interphase cytoplasmic MT arrays, mitotic spindles, or cilia (Rieder et al., 2001) . They are notably involved in cell cycle transitions, cellular responses to stress, and organization of signal transduction pathways (Doxsey et al., 2005) . The similarity of the N-terminal parts of TON1a and b and two human centrosomal proteins, precisely in a region shown to be important for their targeting and function at the centrosome, as well as the interaction of TON1a and b with Arabidopsis centrin, raise the interesting possibility that, in addition to g-tubulin-dependent MT nucleation, other functions and molecular networks involved in the organization of MT arrays by the centrosome were conserved across the evolutionary divergence between plants and animals. The location of such centrosomal players at the cortex of plant cells is consistent with the view of the cell cortex as the flexible centrosome of plant cells (Mazia, 1984) , involved in nucleation, release, and attachment of MTs at the membrane's periphery (Ehrhardt and Shaw, 2006) . TON1a and b could participate in such centrosome-like functions at the cortex of plant cells, for example, by recruiting regulatory complexes involved in the regulation of cytoskeleton arrays in connection with the cell cycle.
METHODS
Plant Material and Growth Conditions
A single mutant allele was isolated for the ton1 locus (Traas et al., 1995) , segregating in line ACL4, originally obtained from large-scale T-DNA insertional mutagenesis in ecotype Ws (Bechtold et al., 1993) . For the synonymous fass (Mayer et al., 1991) and ton2 (Traas et al., 1995; Camilleri et al., 2002) locus, the consensual name is now fass (synonym: ton2). Arabidopsis thaliana plants were grown in vitro or in the greenhouse as described previously (Nacry et al., 1998) . The GFP-MBD marker in Arabidopsis (Camilleri et al., 2002) was introduced in the ton1 mutant background by crossing.
Clones and Primers
A full-length TON1b clone was isolated from an Arabidopsis cDNA library (Ler ecotype) and fully sequenced. A full-length cDNA clone for TON1a (AV539220) was obtained from the Kazusa DNA Research Institute (Japan). A rice (Oryza sativa) cDNA clone (D39592) highly related to TON1 was obtained from the Rice Genome Research Program (Japan) and fully sequenced. Oligonucleotides used in this study are as follows: TON1a and TON1b gene-specific primers Spec1aF (59-TAGTTCAAGGA-GAGATTCAGAAACA-39), Spec1aR (59-CAATTCAAGGCTCAGAAGGA- ), Spec1bF (59-ATATTTGGACTGGGCGCAATTA-39), Spec1bR (59-CAGAAGAAGCGGTCTAC-39); APT1 primers and ).
Molecular Cloning Techniques
Cloning and sequencing procedures were performed essentially as described by Nacry et al. (1998) . RT-PCR analyses were performed as described by Camilleri et al. (2002) using the following primers: Spec1aF and Spec1aR for TON1a cDNA and Spec1bF and Spec1bR for TON1b cDNA. APT1 cDNA was used as an internal control (Moffatt et al., 1994) and was amplified using primers APT-RT1 and APT-RT2.
Two-Hybrid Experiments
A LexA-TON1b fusion protein was used as a bait to screen a cDNA library from Arabidopsis young siliques as described (Grebe et al., 2000) . Materials and experimental procedures for screening, quantitative b-Gal assays, and plasmid isolation were essentially as described (Ausubel et al., 1998) . More than 3.10 6 independent transformants were obtained, and 20.10 6 cells from this pool were replated on Leu-selection medium. Yeast colonies growing on selection plates were screened for b-Gal activity. A total of 250 Leu+ clones that showed b-Gal activity were selected for further analysis. Prey plasmids were isolated from positive clones and reintroduced into yeast strain EGY48, either alone or with the bait plasmid, and reassayed for growth on selective medium and quantitation of b-Gal activity.
GFP and BiFC Constructs
All Arabidopsis open reading frames flanked by AttB1 and AttB2 sites were amplified from Arabidopsis cDNA clones (Columbia ecotype), cloned into Gateway vector pDONR207 using BP recombination (Invitrogen), and sequenced. To obtain the plasmid carrying a GFP-TON1a fusion under the control of the 35S promoter, pDONR207:TON1a was used in a LR reaction with destination vector pGWB6 (kind gift of T. Nakagawa, Shimane University, Japan). PTON1a-GFP-TON1a comprises 1.1 kb of TON1a promoter driving a GFP-TON1a fusion protein. Globosa and Deficiens entry clones were provided by B. Davies (University of Leeds, UK). An LR reaction between the entry vector and the complete set of four pBiFP vectors (see Supplemental Figure 6 online) produced the final expression vectors, where coding sequences are cloned in fusion with the N-and C-terminal parts of YFP, either as N-terminal or C-terminal fusions, under the control of the cauliflower mosaic virus 35S promoter. For fluorescence complementation tests, all eight compatible combinations between protein pairs (i.e., providing both parts of the YFP) were assayed in transient expression.
Transient Assay in Nicotiana benthamiana Leaves
Each expression vector was introduced in Agrobacterium tumefaciens strain C58C1(pMP90) by electroporation. Agrobacterium bacterial cultures were incubated overnight at 288C with agitation. Each culture was pelleted, washed, and resuspended in infiltration buffer (13 g/L bouturage N82 medium [Duchefa Biochemie] and 40 g/L sucrose, pH 5.7) to an OD 600 of 0.5. The inoculum was delivered to the lamina tissue of N. benthamiana leaves by gentle pressure infiltration through the lower epidermis. To enhance transient expression of GFP and BiFC fusion proteins, the P19 viral suppressor of gene silencing was coexpressed (Voinnet et al., 2003) . For coexpression experiments, equal volumes of each bacterial culture (OD 600 of 0.5) were mixed before infiltration. YFP or GFP fluorescence was detected 2 to 3 d after infiltration.
Plant Transformation
Arabidopsis plants were transformed using the vacuum infiltration protocol (Bechtold et al., 1993) . Transformed tobacco roots were obtained by coinoculation of Nicotiana tabacum (Xanthi XHFD8) leaf disks with Agrobacterium rhizogenes A4 and A. tumefaciens C58C1(pMP90) harboring the expression vector. After coculture on Murashige and Skoog (MS) medium (3 d, 248C, dark), leaf disks were transferred on solid MS medium containing kanamycin (50 mg/L) and cefotaxim (500 mg/L) and grown in the dark at 248C with 50% humidity. After 4 weeks, hairy-root clones were individually transferred to fresh medium and cultured for 4 weeks. They were transferred to liquid MS medium with no antibiotic for 1 week before analysis by confocal microscopy.
Immunofluorescence and Microscopy
Tubulin immunostaining of wild-type and ton1 seedlings was performed as described previously (Pastuglia et al., 2006) . Except for GFP-TON1a localization in hypocotyls cells, all images (immunolocalization studies and GFP and BiFC experiments) were obtained using a Leica SP2 AOBS confocal laser scanning microscope. Optical sections were collected with a Leica HCX PL APO 363/1.20 NA water objective upon illumination of the sample with a 488-nm argon laser line. GFP-TON1a localization in expanding hypocotyls cells was performed using a spinning disk confocal Revolution XD from Andor Technology mounted on an inverted Axiovert 200M microscope from Carl Zeiss. The system employs a Yokogawa CSU22 confocal spinning disk unit, a solid-state laser line (488 nm) controlled by acousto-optic tuneable filter (AOTF), and a EM-CCD camera DV885 from Andor Technology using a 3100 Apochromat NA1.4 oil immersion objective (Carl Zeiss). Images were processed using ImageJ software (NIH).
Expression of Recombinant TON1b and Immunological Techniques
A His tagged-TON1b fusion protein was cloned in pET14 and expressed in Escherichia coli cells. Inclusion bodies, containing the recombinant protein, were solubilized in lysis buffer (8 M urea, 10 mM Tris, pH 8, 100 mM NaCl, and 50 mM Na 2 HPO 4 , pH8) and affinity-purified using TALON metal affinity resin as indicated by the supplier (Clontech). Lysis buffer was exchanged for 3 M urea, 0.2% Triton X-100 in dilution buffer (50 mM Tris, pH 8, 0.5 mM EDTA, 50 mM NaCl, and 5% glycerol), and purified recombinant protein was refolded by serial dilutions in dilution buffer supplemented with 0.2% Triton X-100. Refolded recombinant protein was concentrated using a Centriprep 10 concentrator (Amicon) and used to produce a rabbit antiserum following the standard immunization protocols of Biogenes.
Immunoblots were performed on Hybond C membranes (Amersham) with a 1:1000 dilution of the anti-TON1b rabbit antibody, a 1:5000 dilution of a rabbit polyclonal serum raised against Nicotiana plumbaginifolia H + -ATPase (Morsomme et al., 1998) , or a 1:5000 dilution of a monoclonal antia-tubulin antibody (clone B5-1-2; Sigma-Aldrich). Secondary antibodies were anti-rabbit or anti-mouse IgG linked to horseradish peroxydase (Sigma-Aldrich). Signals were revealed using the Amersham ECL system.
Cell Fractionation and Preparation of Arabidopsis Protein Extracts
For preparation of total plant extracts, seedlings were frozen in liquid nitrogen and ground; the powder was resuspended in SDS-PAGE Laemmli buffer. The samples were centrifuged at 10,000g to remove any remaining tissue, and the supernatant was retained for electrophoresis.
Membrane and soluble protein fractions were obtained essentially as described by Santoni (2007) . Leaves of 4-week-old plants were disrupted at 48C in a Waring blender in homogenization buffer (500 mM sucrose, 50 mM Tris-HCl, 20 mM EDTA, 20 mM EGTA, 10% glycerol, 10 mM ascorbic acid, 0.5% polyvinylpyrrolidone, 5 mM DTT, 1 mM Na 3 VO 4 , 1 mM Na 2 MoO 4 , 50 mM Na 4 P 2 O 7 , 1 mM AEBSF, 1 mg/mL leupeptine, and 1 mg/mL pepstatine A, pH adjusted to 8 with MES) for 10 s at low speed and four times for 10 s at high speed. The homogenization buffer-totissue ratio was 2 mL buffer/g fresh weight. An aliquot of the homogenate was resuspended in SDS-PAGE sample for electrophoresis of total protein extracts. The remaining homogenate was filtrated through two layers of Miracloth (Calbiochem) and then centrifuged at 26,000g max for 25 min. The supernatant was then centrifuged at 84,000g max for 25 min to recover the microsomal fraction, and the supernatant was retained for the soluble protein fraction. For electrophoresis, the proteins (microsomal and soluble fractions) were resuspended in SDS-PAGE sample buffer. For stripping of membrane-associated proteins, the microsomal fraction was resuspended at 48C for 1 h either in 100 mM Na 2 CO 3 , pH 11.5, or in homogenization buffer alone or supplemented with 1% Triton X-100 or 0.5% CHAPS. After centrifugation at 84,000g max for 25 min, the pellets and supernatants were solubilized in SDS-PAGE sample buffer.
Accession Numbers
Sequence data from this article can be found in the Arabidopsis Genome Initiative under the following accession numbers: TON1a, At3g55000; TON1b, At3g55005; CEN1, At3g50360; CEN2, At4g37010; CDKA;1, At3g48750; and APT1, At1g27450. Sequences obtained in this work can be found in the GenBank/EMBL databases under the following accession numbers: TON1 locus, AF280058; TON1b cDNA, AF280059; and rice TON1 cDNA, AF280060.
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